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The performance of enzyme-coupled spectrophotometric assay of protein kinases and its merits as compared with the radioisotopie method in 
characterizing fimctional activity of protein kinases are described. Kinetic parameters of protein kinase C and protein kinase A so obtained are 
presented. General application of the spectrophotometric assay in the study of protein kinases is recommended. 
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1. INTRODUCTION 
Recognition of the reversible phosphorylation f pro- 
teins as a major regulatory mechanism in eukaryotic 
[1,2] and prokaryotic ells [3] has given rise to intensive 
research on protein kinases and phosphatases which 
have become a topical issue in cellular biochemistry and 
pathology. 
The various protein kinases, described in eukaryotes 
[1,4,5] and prokaryotes [6], catalyze the transfer of the 
7-phosphoryl group of ATP or GTP to specific amino 
acid residues in protein substrates. Protein kinases and 
their substrates, only some of which have been so far 
identified, have been detected following the incorpora- 
tion of radioactive 7-phosphoryl group from [32p]nuele- 
oside triphosphate into an appropriate substrate. This 
radioisotopic assay is generally used to characterize the 
functional activity of kinases [7-12]. 
This paper describes the performance of an enzyme- 
coupled spectrophotometric assay of protein kinases 
and examines its merits, as compared with the radioiso- 
topic assay, in characterizing functional activity of pro- 
tein kinases. A spectrophotometric assay of protein ki- 
nase was used by Cook et al. in 1982 [13], see also [14], 
but to our knowledge, since then, it has been applied 
only by the same group to a kinetic study of protein 
kinase A [i 5]. it is proposed here that a general applica- 
tion of the spectrophotometric assay would facilitate the 
LDH, lactate dehydrogenase; PK, pyruvate kinase; PKC. protein 
kinase C: PKA, cAMP dependent protein kinase A catalytic subunit; 
PEP. phosphoenolpyruvate 
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study of protein kinases and their role in protein phos- 
phorylation. 
2. MATERIALS AND METHODS 
2.1. Materials 
DE-52, AH Sepharose 4B and phenyi-Sepharos¢ were purchased 
from Pharmacia. Lactate dehydrogenase (LDH; EC 1.1.1.27), pyru- 
vate kinase (PK; EC 2.7.1.40), phosphoenolpyruvate, NADH and 
ATP were From Boehringer-Mannheim. Protamine sulfate (salmiae; 
tool. wt. 6000--7000) and HEPES buffer were from Sigma. Staurospo- 
rine. Streptomyces sp was from Calbiochem. [y-nP]ATP, 3000 Ci/ 
mmol was from Amersham International. 
2.2. Protein k#~ase preparations 
Protein kinase C (PKC) was purified from rat brain by sequential 
DE-52/threonine-Sepharose/phenyl Sepharose chromatography as in 
[7]. A sample of PKC purified from bovine brain, with a specific 
activity of 400 nmol.min -~.mg prot -~, measured with the radioisotopic 
assay [16], was kindly provided by Prof. A. Azzi. Bern. The catalytic 
subunit of cAMP-dependent protein kinc;4e (PKA) purified from bo- 
vine heart [17], with a specific activity of 1400 nmol.min ~.mg prot -t, 
measured with the radioisotopic assay, was kindly provided by Dr. P. 
Tortora, Milan. 
2.3. Spectrophotometric assay of protein kinase activity 
Reaction I, catalyzed by protein kinase, is coupled in the presence 
of added PK, PEP, LDH and NADH to reactions 2 and 3. NADH 
oxidation (reaction 3), measured directly and continuously in the incu- 
bation mixture, provides an immediate estimate of the rate of reaction 
1, with the concentrations of the reagents set up so that reaction 1 is 
the rate-limiting step. 
Prot¢ill 
klna~¢ 
ATP + protein substrate ~ ADP + phospho-protein (1) 
PN 
ADP + PEP - -~  ATP + pyruvate (2) 
LDI I  
Pyruvate + NADH > lactate + NAD + (3) 
The reaction mixture contained: (A) Tris-HCl 20 raM, pH 7.4 and 
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MgClz 5 mM for PKC or (B) K*-phosphate buffer 20 raM, pH 7.4 and 
5 mM MgCI, for PKA. To 1.5 ml of the reaction mixture in the 
spectrophotometric cuvette, under rapid stirring and thermostatically 
controlled at 25°C. NADH. PK and LDH, PEP, the kinase sample, 
ATP and protamine sulphate were added at the concentrations given 
in the figure legends. NADH oxidation was monitored with a conven- 
tional spectrophotometer (Perkin Elmer, lambda 5) at a signal output 
o fO .10D full scale (20 era) at 340 rim, d e reduced-oxidized = 6.22 
mM-W'cm -z, with a sensitivity of 250 nM at a signal/noise ratio of 10, 
or with a dual wavelength speetrophotometer (Johnson Foundation, 
Philadelphia) at 340-374 nm d e = 6.0, or 360-374 ram zl e = 2.0, with 
possible output amplification up to 8 x 10 -30D full scale and corre- 
sponding sensitivities of25 and 75 nM at a signal/noise ratio of I 0 with 
an instrumental drift lower than 1 x 10 a d OD/min. 
2.4. Proteh~ determination 
Protein concentrations were determined by a modified Lowry.Folin 
assay [ 181. 
3. RESULTS 
Fig. 1 shows the spectrophotometric determination f
protein kinase activity in crude extract of rat brain 
which has a relatively high content of PKC [4,19]. The 
assay was carried out in the dual-wavelength spectre- 
photometer at 360-374 nm to minimize interference 
from turbidity changes. The spectrophotometric trace 
shows that the brain extract contained traces of  NADH 
oxidase activity. The addition of ATP elicited an ATP- 
ase activity, resulting in the oxidation of NADH from 
the sum of reactions 4, 2 and 3. 
31 p i  
6.33 pM NADH 
additions 
Fig. 1. Determination ofprotein kinase activity in crude extract of rat 
brain. 760/~g protein of the supernatant of rat brain homogenate, 
obtained after 2 h centrifugation at 105000 ×g, was suspended per ml 
of reaction mixture (A), containing 3.1 units/m1 (aM.rain -~) each of 
LDH and PK and 235 pM PEP. 6.33/~M NADH additions were made 
as indicated and served as internal sensitivity standards. The other 
additions are specified on the illustration. The figures on the traces 
refer to rates of NADH oxidation in nmol.min-~.mg protein-L The 
dotted line shows a control in the absence of the brain extract. The 
small deflection caused by ATP addition is due to the trace of conta- 
minating ADP (0.2%). For other details ee under Materials and 
Methods and text. 
ATPase 
ATP + H20 ~- ADP + Pi (4) 
The addition of protamine, which functions as a gen- 
eral substrate of  protein kinases, also in the absence of 
the specific activators required with other protein sub- 
strates [4], resulted in an increase in the rate of NADH 
oxidation, which, after correction for that associated 
with NADH oxidase and ATPase activities, gave a spe- 
cific activity for protein kinase of 17 nmol.min-)-mg 
protein -I. 
Fig. 2 illustrates the spectrophotometric determina- 
tion of the activity of  PKC purified from rat brain. The 
assay showed very low overall NADH oxidase and 
ATPase activity. The addition of  15/.tg protamine re- 
suited in an immediate rapid oxidation of NADH,  giv- 
ing, after correction for unrelated NADH oxidation, a
specific activity for PKC of 223. This continued until all 
protamine had been phosphorylated and NADH oxida- 
tion returned to the rate measured before its addition. 
It can be noted that the addition of 15 pg protamine, 
giving a concentration of 1.37 aM (reel. wt. 6000-7000) 
resulted in the utilization of 4.25/,tM ATP. This shows 
that ca. 3 residues per reel of  protamine are phospho- 
rylated. An excess of  protamine licited a maximal rate 
of NADH oxidation giving a specific activity for PKC 
of 385. NADH oxidation caused by the addition of 
protamine was completely blocked by staurosporine, a 
potent inhibitor of PKC [20]. 
The spectrophotometric assay gave a linear Line- 
weaver-Burk plot for saturation kinetics of rat brain 
PKC with respect o ATP (Fig. 3), from which a Vm,,~ 
11.6 pM 
ATP 15pg 
....... prit°rnln° 
............ protamino 
360-374 nl ..... 
5.45 pM NADH 
addit ions 
Fig, 2. Determination of rat brain PKC activity. 7.5/.tg protein of 
purified rat brain PKC (eluate of phenyI-Sepharose chromatography 
[7]) was suspended per ml of reaction mixture (A), containing LDH, 
PK and PEP as specified under Materials and Methods and in the 
legend to Fig. 1. All the other additions are indicated in the illustra- 
tion. The dotted trace refers to an experiment carried out under exactly 
the same conditions of the measurement of the solid trace but in the 
presence of 85 pM staurosporine. 
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of 650 and a 7fm for ATP of 14 aM can be calculated. 
A saturation experiment of rat brain PKC with pro- 
tamine gave for this substrate a Km of 1.8 ,uM. Similar 
kinetic patterns were obtained with the sample of 
bovine brain PKC. 
Spectrophotometric assay of the activity of PKA 
showed this to be linear with protein concentration i
the range from 70 to 9000 ng of enzyme protein. Spee- 
trophotometric analysis of saturation kinetics of PKA 
with ATP (in the presence of 27 aM protamine) and 
with protamine (in the presence of 150 aM ATP) gave, 
in both cases, straight lines by Lineweaver-Burk plots, 
from which a Vm~.~ of 1500 nmol.min -~ mg protein -t and 
Km for ATP of 6 aM and Km for protamine of 2.8 aM, 
respectively, were obtained. 
Fig. 4 shows spectrophotometric analysis of the pH 
dependence of PKC and PKA activities. 
4. DISCUSSION 
The results presented show the spectrophotometric 
enzyme-coupled assay to suitable for easy, rapid and 
sensitive analysis of functional activity of protein kina- 
sos. Compared to the radioisotopic assay the spectro- 
photometric method has the obvious advantage of 
avoiding costly [32P]nucleotides and safety restrit:tiuns 
while the same or smaller amounts of proteins can be 
conveniently assayed. The sensitivity of the spectropho- 
tometric assay is ca. 250 nM with conventional spectro- 
p~,otometers and ca. 30 nM with dual-wavelength spec- 
trophotometers. The latter instrument is particularly 
suitable to avoid light-scattering and turbidity artifacts 
which could arise in crude extracts or when phospho- 
lipid suspensions [21] or micelles [22] have to be used to 
activate PKC. The spectrophotometric assay also al- 
lows (in the same sample) contaminating ATPase activ- 
1o 
? 
2 
, /  
rATP] Protamine 
/ JJM 
4.0 B.7 
'O ~ 20.4 
5o -,2 
t i 
o.I o.2 o'.3 o'.~ 
1/ [ATP]  (pM "~1 
Fig. 3. Spectrophotometric analysis of saturation kinetics of rat brain 
PKC. 5 gg protein of purified rat brain PKC was incubated per ml of 
reaction mixture (A) containing LDH, PK and PEP as specified in the 
legend to Figs,. 1 and 2, The concentration of ATP was varied in 
different samples as indicated in the illustration. The kinase reaction 
was started by the addition of 180 #g protamine/ml (27,7 tiM). For 
experimental conditions and other details see under Materials and 
Methods, legend to Fig, 2 and text. 
ity to be measured and corrected for. The ATPase activ- 
ity can, on the other hand, represent a serious complica- 
tion for the radioisotopic assay. 
The spectrophotometric assay, providing a direct and 
continuous recording of the enzymatic activity appears, 
is the method of choice for the kinetic study of protein 
kinases as well as for the identification and functional 
analysis of their inhibitors and activators. 
Another advantage of the spectrophotometric assay 
derives from the fact that the concentration of ATP is 
maintained at a constant level in the course of the reac- 
tion by continuous regeneration by pyruvate kinase. 
The spectrophotometric assay can be used with any 
natural and synthetic polypeptide substrate of protein 
kinases. Also in this respect i has an advantage over the 
radioisotopic assay, which requires separation of 
[3Zp]protein substrates from [?'-32P]nucleotides, a pro- 
cess which needs rigorous procedures and is difficult to 
achieve with certain polypeptide substrates [13,14]. 
Some protein kinases also display protein phosphat- 
use activity or can be contaminated byphosphatases [I]. 
Both will result in the hydrolytic removal of phosphate 
from the phosphorylated protein substrate and under- 
estimate or prevent measurement of the kinase activity 
with the radioisotopic assay. The phosphatase activity 
will not prevent he spectrophotometric assay of the 
kinase activity. Rather the phosphatase r action, being 
coupled with reactions I, 2 and 3 (see section 2) can also 
be detected in the spectrophotometric assay. F!nally the 
spectrophotometric assay can provide an estimate of the 
purity and/or the molecular weight of protein substrates 
yet to be characterized, or of the number of phosphoryl 
groups incorporated per tool of substrate protein. 
Obviously the radioisotopic assay remains essential 
for rapid screening of tissues and cells to identify pro- 
i "! 
c 5o0 
PRO 
i ~ rt 
7 B 
pH 
Fig. 4. Spectrophotometric analysis of pH-dependence of"activity of 
rat brain PKC and bovine heart PKA, 7,8 fig protein of purified rat 
brain PKC or 7,3 fig protein purified PKA was suspended per ml of 
a mixture conlaining: 20 mM Tris.HCl; 20 mM HEPES; and 5 mM 
MgCI~. The mixtures were adjusted to the pHs indicated in the illustra- 
tion, and the reagents are as specified in the legend to Fig, 2. ATP= 145 
pM, The reaction was started with the addition of 34 ,ug/ml of 
protamine, 
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tein kinase enzymes and/or isoenzymes or their geneti- 
cally-engineered forms and variants and their protein 
substrates. 
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